Androgen-deprivation therapy (ADT) has become a standard of care in the management of advanced prostate cancer or as an adjunct therapy. However, ADT is associated with a well-known deleterious effect on bone health, resulting in a decrease in bone-mass density (BMD) and increased risk for fracture. With the longer life expectancy of prostate cancer patients, improvement of the quality of life has become increasingly important. Therefore, adequate screening, prevention and treatment of BMD loss is paramount. Zoledronic acid and denosumab have shown promising results in recent studies, which has led to the Food and Drug Administration approval of these treatment options in various settings throughout the course of the disease, including the prevention of ADT-associated bone loss. This review focuses on the various parameters that impact BMD loss in men initiating ADT, on the specific effect of ADT on bone health and on various lifestyle modifications and treatment options such as bisphosphonates, osteoclast-targeted therapy and selective estrogen-receptor modulators that have shown promising results in recent studies.
Introduction
Prostate cancer (PCa) is the most common cancer among men. 1 Improvements in the screening and the management of the disease have led to earlier diagnosis and longer life expectancy of patients. Therefore, hence the multiple side effects associated with actual treatment options, the quality of life of these patients has become increasingly important.
In the natural course of the disease, despite local therapy, up to 40% of patients develop metastases, which have a high tropism for the bone. Bone metastasis contributes to mortality but is also the main cause of morbidity as they may result in skeletal-related events (SREs), which include fractures, spinal cord compressions and the need for bone surgery or radiation therapy as therapeutic or palliative measures. 2 Thus, bone health is of important concern in patients with prostate cancer. Not only are patients diagnosed often predisposed to bone loss due in part to age, but most receive androgen-deprivation therapy (ADT). ADT is a standard of care for advanced disease that has also gained increasing importance as an adjunct therapy. It has been associated with a detrimental effect on bone health. 3 Bone loss in patients diagnosed with PCa and treated with ADT has become a highly raised topic. Bone loss remains an under-diagnosed and under-treated condition in those men and failure in proper screening and management may be detrimental to their quality of life. This manuscript will review key elements of bone health of patients undergoing ADTand give a comprehensive overview of current treatment options.
Key Components of Bone Metabolism in Men
Bone undergoes constant dynamic turnover and remodeling to adapt to mechanical stress and metabolism homeostasis under the regulation of osteoblasts, osteoclasts, hormones and other factors. Cortical bone is the hardest and densest type of osseous tissue that is designed to resist well to tensile stress, hence its predominance in long bones. It overlies bone marrow and trabecular bone (cancellous bone), a lighter form bone tissue of irregular and porous structure well suited to withstand compression. Therefore, trabecular bone is most frequently found in vertebrae and at the end of long bones. The inner surface of the cortex of the bone where significant bone resorption occurs is called the endosteum. In contrast, the periosteum on the outer membrane of cortical bone is the site of periosteal apposition, which results in bone enlargement ( Figure 1 ).
Osteoblasts are the cellular units responsible of bone formation resulting in the apposition of calcium phosphate in the form of hydroxyapatite, which allows for the hardening of osseous connective tissue. As osteoblasts form bone, they encase themselves in their own matrix reaching their terminal differentiated state as osteocytes, now having a crucial role as mechano-sensory cells to maintain bone structure. 4 Osteoclasts are bone resorbing multinucleated cells of monocyte-marcrophage origin that secrete lytic enzymes and protons into a resorptive pit under their brush border. RANKL (receptor activator of nuclear factor-kB ligand) is a member of the tumor necrosis factor superfamily crucial for osteoclast activity. RANKL is expressed in a variety of cells including osteoblasts, T lymphocytes and stromal cells. It is a transmembrane protein that can undergo proteolytic cleavage by matrix metalloproteases. The cellular target of RANKL is RANK, a transmembrane receptor found on mature osteoclasts, the binding of which stimulates pathways responsible for the control of osteoclast differentiation, function and survival. 6 Hormones also have a necessary role in bone homeostasis. In men, testosterone is converted to dihydrotestosterone, the most active trophic androgen in the prostate, via the 5-alpha reductase enzyme, and binds to the androgen receptor (AR) of osteoblasts of cortical and trabecular bone. 7 However, testosterone is also converted to estradiol via aromatase activity in peripheral tissues. Estradiol is the primary estrogen in men and is implicated in the remodeling of mainly trabecular bone via the estrogen receptor (ER). The ER is present in the cytosol of both the osteoblasts and osteoclasts. 8 Both the activated AR and ER interact with obsteoblast precursors to prevent osteoblast apoptosis, stimulate osteoclast apoptosis and decrease osteoclastogenesis. 7 This favors predominantly the increased formation of cortical bone by stimulating the lengthening of the epiphyseal growth plates and periosteal apposition. The continued growth of the periosteum during adult life in men increases the perimeter of their bones and partially offsets the normal endosteal bone loss caused by aging. Thus, men have wider bones compared with age-matched women. 7 
Quantitation of Bone Loss
Severe bone loss, known as osteoporosis, is characterized by compromised bone strength, which leads to a higher risk of fracture. Bone strength refers to two qualities of bone: quality and density. Bone quality cannot be readily assessed in a clinical setting but depends on qualifiable factors such as bone architecture, mineralization, accumulated discrete areas of damage and the quality of the collagen and minerals forming the bone's matrix. 9 Conversely, bone density is conventionally evaluated with a bone-mass density (BMD) measurement obtained through Dual-energy X-ray absorptiometry (DXA). However, DXA accounts for only 40% of the overall fracture risk for patients, the residual risk being associated with bone quality-associated factors. For the standardization of measurements, BMD is expressed as a T-score derived from comparing an individual's femoral neck BMD with that of a young-adult population of the same sex. Osteoporosis is diagnosed when the calculated T-score is X2.5 s.d. below the comparison BMD. However, by themselves, fragility fractures are sufficient for diagnosis of osteoporosis if trauma or cancer has been excluded. 10, 11 Pre-osteoporotic low bone mass or osteopenia, which is at lower risk of fracture than osteoporosis, is considered to be within À 1 to À 2.5 s.d. Normal BMD values are within the À 1 s.d. threshold. 12 Low BMD measurements are directly related to increased fracture risk. Osteoporotic fractures are typically located on the vertebrae (27%), the distal radius named 'Colles fracture' (19%) and the femoral neck (14%). Although the hip fracture is not the most common site of injury, it is of high clinical relevance as of its association with severe comorbidity. In fact, post-hip Figure 1 Identification of structures in a human long bone with a schematic representation of cortical and trabecular anatomy. On the left, the cortical bone surrounds the medullary canal in the center of the long bone. Near the end of the bone, at the epiphysis, trabecular bone (cancellous bone) is predominant. On the right, the magnified section of cortical bone illustrates the Haversian and Volkmann canals allowing oxygenation and communication between osteocytes. The osteon (the haversian system) formed of concentric rings of compact bone tissue gives structural support to cortical bone. 5 Androgen deprivation therapy and bone loss Marc Bienz and Fred Saad fracture death rates reach 30% within the first 6 months and even more so for men. 9 In addition, in men with low bone mass, studies have demonstrated that fractures are not uncommon even when the T-score does not reflect a need for treatment. 13 To improve fracture risk assessment, the World Health Organization has computed a FRAX algorithm that accounts for demographic risk factors, alcohol/tobacco/glucocorticoid use and other relevant past personal or familial history. The FRAX tool calculates the probability of risk for hip fracture and major osteoporotic fracture for the next 10 years. 10 
Clinical Predisposing Factors for Bone Loss and Osteoporosis
Considering factors that promote bone loss prior to ADT in PCa patients is important when initiating hormone therapy. The lifetime risk of bone fractures secondary to osteoporosis is B20%.
14 Cheung et al. 15 showed in an audit of 236 men that, at initiation of ADT, 11% had osteoporosis and 40% osteopenia. In addition, 61% of those with osteoporosis were unaware of it. These results reflect the need for a thorough screening of bone loss and its causes prior to initiation of ADT.
PCa is rarely diagnosed before the age of 40 (o1%), and aging in men is associated with multiple changes in bone strength. 16 With aging, the bone's resorption-formation ratio increases. Although periosteal circumference increases as described previously, cortical bone becomes thinner and more porous, endocortical bone becomes trabeculated and the width of the new and preexisting trabeculae decreases. These changes reduce the strength of the matrix and lowers BMD. 17 Sex hormones such as testosterone, but mostly estrogen, are potent inhibitors of bone resorption. With aging many changes occur. At the cellular level, oxidative stress, apoptosis and macroautophagy are some of the many mechanisms implicated in the altered remodeling process. 18 At the systemic level, the increase in sex hormone-binding globulin reduces the bioavailability of hormones, testicular Leydig cell mass and production of testosterone decrease, adrenal glands secrete less dehydroepiandrosterone, and luteinizing hormone (LH) and follicle-stimulating hormone (FSH) hormone production is altered, thus increasing the rate of bone loss in the elderly. 19 In addition, a physiological decrease in growth hormone (GH) secretion and pulsatility, together with a decreased insulin-like growth factor 1 (IGF-1) and IGF-binding-protein-3 hepatic production, negatively impacts bone health. 17 Chronic kidney disease may also participate in bone loss. In fact, it is considered to be causative for the rise of parathyroid hormone levels, vitamin D insufficiency and calcium malabsorption, all key elements of normal bone metabolism. Reduced mobility and protein intake in the elderly, together with the endocrine changes previously described such as reduced androgens and GH secretion, are associated with sarcopenia or the degenerative loss of skeletal muscle mass. Lower muscle mass reduces muscular loading and the production of bonepromoting factors from muscles. 17 Osteoporosis promoted by other than age-related etiologies is referred to as secondary osteoporosis ( Table 1) . These include alcohol or glucocorticoid excess, vitamin D deficiency and hypogonadism. Primary hypogonadism results from disease of the testes, as a distinction from secondary hypogonadism, which refers to anomalies of hormones secreted at the pituitary or the hypothalamic level. Some drugs may lead to secondary hypogonadism such as chronic glucocorticoid or opiates use, gonadal steroids and GnRH analogs, the drug of choice for ADT for prostate cancer. Although no threshold has been defined, testosterone levels o150 ng dl À 1 typically trigger hypogonadism-associated signs and symptoms. 7 Finally, bone metastasis in hormone-naive patients can by themselves alter bone structure prior to the initiation of ADT. In fact, metastatic cancer cells stimulate the activation of osteoclasts and osteoblasts. The latter paradoxically increases the fragility of the bone, as in a tumor microenvironment misplaced and weaker woven bone is produced instead of a strong lamellar bone. The underlying osteolysis by the activation of osteoclasts further impacts the integrity of the mineral matrix resulting in bone pain and a higher risk for pathological fractures.
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Effect of Androgen Deprivation on Bone Metabolism in Men
The multiplication of available modalities of androgen-aimed therapies for prostate cancer has led ADT to become the mainstay for patients at various stages of the disease. However, reducing and maintaining testosterone to castrate levels results in a constellation of deleterious effects on health. These include reduced muscle mass, increased body fat, gynecomastia, diabetes, metabolic changes, cardiovascular events, sexual dysfunction, reduced penile/testis size, fatigue, hot flashes and reduced bone mass. 3 In ADT-mediated bone loss, both trabecular and cortical bone are affected, resulting in a decrease in BMD, especially in the first year after initiation of therapy. 22, 23 In fact, studies have shown that men undergoing ADTare four times more likely to develop significant bone deficiency. 24 In a large study of Shahinian et al. 24 of men surviving 45 years after diagnosis of prostate cancer, 19.4% of those who received ADT had a fracture compared with 12% in men who did not (Po0.001), and a significant relation was established between the number of doses of gonadotropin-releasing hormone given in the first 12 months and the risk of fracture. A list of studies Androgen deprivation therapy and bone loss Marc Bienz and Fred Saad reporting bone changes in men undergoing ADT is presented in Table 2 . These results highlight the importance of androgens in bone health in men. Interestingly, anti-androgens that prevent the activation of the androgen receptors, such as bicalutamide and enzalutamide, instead of reducing the production of androgens do not show a marked reduction in BMD with monotherapy in the most recent trials. However, this topic goes beyond the scope of this review. 25 Monitoring BMD Loss in Men on ADT Bone health management in patients undergoing ADT is critical in order to prevent bone loss-associated fractures. In fact, the population affected by PCa is prone to fractures due to the effects of ADTon bone health, the natural predisposition for low bone health related to aging with the continuing increase in life expectancy of patients, but also the risk of falling associated with cognitive disorders, fatigue and muscle weakness due to age and disease. Also, bone being the predominant site of metastases in prostate cancer, bone health is clinically relevant and hence the higher risk of SREs associated with bone metastasis. In this context, failure to properly screen patients is detrimental to the quality of life and life expectancy. Current osteoporosis screening recommendations for men from the World Health Organization, the American Association of Family Practitioners and the National Osteoporosis Foundation (NOF) recommend DXA in men above 70-year old. Men with risk factors should, however, be tested between the ages of 50-and 69-year old. 9 An expert panel consensus on bone health and prostate cancer published in 2006 recommends a risk stratification of patients at the initiation of ADT. High-risk stratification includes one of the following risk factors: 46 months on ADT, previous fractures, a positive family history for osteoporosis, low body weight, smoking, excessive alcohol consumption, corticosteroid use, medical comorbidities and low vitamin D levels. Then, an initial baseline BMD should be assessed through DXA of the hip and/or DXA or quantitative computed tomography of the spine. Recommendations for low-risk patients with a normal T-score or osteopenia include a repeat BMD and a review of risk factors at 24 and 12 months, respectively. In patients considered high risk for bone loss, these evaluations should be performed at 12 and 6 months, respectively. In the case of a baseline T-score o À 2.5 associated with osteoporosis, patients should initiate bisphosphonate treatment (view treatment section) and repeat bone health evaluation every 12 months. 26 Also, patients should be encouraged for lifestyle modifications such as cigarette and alcohol cessation, resistance-exercise training and assessing the need of supplementation daily calcium and vitamin D.
Management of Bone Loss During ADT
Lifestyle modification and oral supplementation General measures for the management of osteoporosis in men include lifestyle modifications such as safe weight-bearing exercise, 27 moderate sun exposure, discouraged alcohol and smoking consumption and a balanced diet including calcium-rich foods. 28 In men undergoing ADT, supplementation Androgen deprivation therapy and bone loss Marc Bienz and Fred Saad of calcium and vitamin D should be considered and especially in men avoiding milk products, who have intestinal malabsorption, or in house-bound men such as those residing in homes for the elderly. 28 Recommendations from the NOF for all men 450 years old and reasonably for all men on ADT include at least 1200 mg calcium daily from the diet and supplements and supplemental vitamin D at doses of 800-1000 IU per day. 3, 29 In fact, most studies on bisphosphonates in the management of bone loss included supplementation for all participants. 22 Fall prevention should also be of concern. Such strategies include evaluating vision, hearing and neurological problems, reviewing prescription for side effects that could promote imbalance and reducing the risk of falling. 29 
Bisphosphonates
Bisphosphonates are pyrophosphate analogs, a normal component of bone matrix, that are actively deposited on hydroxyapatite by osteoblasts at sites of active bone metabolism. During osteoclast-mediated bone resorption, bisphosphonates are liberated and internalized by osteoclasts. The exact mechanism of action of bisphosphonates depends on their content of nitrogen, the presence of which has been associated with higher potency.
Non-nitrogen-containing bisphosphonates such as clodronate act as metabolized cytotoxic molecules in the osteoclast that causes loss of mitochondrial membrane potential and apoptosis. 30 Clodronate is an oral first-generation bisphosphonate. Two long-term survival trials showed a significantly better overall survival in the treatment arm for metastatic patients who started ADT. However, its effect on BMD was not evaluated. 31 Nitrogen-containing bisphosphonates include pamidronate, alendronate, risendronate and zoledronic acid ( Table 3) . When internalized by the osteoclast, these compounds inhibit an enzyme, farnesyl diphosphonate synthase, resulting in an impairment of the osteoclast's ability to bind to the bone and additionally alters its capacity to maintain a brush border and produce proton, thus impairing the efficacy of its resorptive pit. 30 Among patients with non-metastatic PCa, pamidronate (60 mg intravenously (i.v.) every 12 weeks) combined to a leuprolide during a 48-week period was associated with a significantly higher BMD at the lumbar, tronchanter and the hip level as in the trabecular bone of the lumbar spine compared with patients receiving leuprolide alone. 32 However, pamidronate did not show an improvement of BMD compared with baseline value.
Zoledronic acid contains two nitrogen groups resulting in better potency. In fact, it is the most potent bisphosphonate in terms of farnesyl diphosphonate synthase and bone resorption inhibition. 30 In a double-blind randomized placebo-controlled trial, the BMD of non-metastatic prostate cancer patients undergoing ADT had increased at 1 year for all skeletal sites, which include the lumbar spine, femoral neck, trochanter and total hip in the treatment arm (4 mg zoledronic acid i.v. every 3 months). For the placebo group, all measurements showed a decrease in BMD at 1 year compared with baseline. 33 Similarly, in a randomized controlled trial, Michaelson et al. 34 evaluated the effect of a single dose of zoledronic acid (4 mg i.v.) on day 1 in patients with non-metastatic PCa receiving GnRH agonists with a T-score above À 2.5. At 12 months, the treatment arm showed an increase posteroanterior lumbar spine BMD by 4.0±1.0%, resulting in a between-group difference of 7.1% (95% confidence interval (CI) 4.2-10.0, Po0.001). Increase in BMD under zoledronic acid was also observed at the total hip, the femoral neck and the trochanter, which resulted in significant between-group differences for the total hip and trochanter, respectively, at 2.6% (95% CI 0.9-4.3, P ¼ 0.004) and 3.1% (95% CI 0.9-5.3, P ¼ 0.008). Zoledronic acid also resulted in a significant decrease in serum N-telopeptide, a marker of osteoclast activity, compared with placebo with a betweengroup difference at 12 months of 27% (95% CI 6-48, P ¼ 0.01). 34 A summary of randomized placebo-controlled trials evaluating the use of zoledronic acid on BMD is reported in Table 3 .
Denosumab
Denosumab is a human monoclonal RANKL antibody that acts by inhibiting the RANK-RANKL pathway, thus hindering osteoclast activity ( Table 3 ). The efficacy of denosumab in patients undergoing ADT was demonstrated by the Denosumab HALT Prostate Cancer Study Group. In this study, men diagnosed with non-metastatic PCa undergoing ADT were assigned to either a 60 mg subcutaneous injection of denosumab or a placebo every 6 months. At 24 months, the treatment arm showed an increase in BMD at the total hip, the femoral neck, the distal third of radius and the whole body with a respective difference of 4.8, 3.9, 5.5 and 4.0% compared with placebo (Pp0.001 for all comparisons). The BMD of the placebo arm decreased at 24 months and was significantly lower than the treatment arm for all skeletal sites (Pp0.001). Moreover, this was the only study with enough power to show a reduced incidence of fractures in addition to the protective effect of denosumab on BMD. In fact, at 12, 24 and 36 months, the denosumab group had a significantly lower incidence of new vertebral fractures than the placebo group. At 36 months, the treatment arm had yielded a 62% (relative risk 0.38, 95% CI 0.19-0.78, P ¼ 0.006) reduction in the incidence of new vertebral fractures compared with placebo. Biochemical markers of bone turnover such as C-telopeptide, procollagen type 1 N-terminal peptide and TRAP-5b were also all significantly lower in the treatment arm at 36 months (Pp0.001). 35 This landmark study led to the US Food and Drug Administration approval of denosumab (commercialized as Prolia) in non-metastatic prostate cancer patients undergoing ADT as the only approved therapy to prevent hormone therapyassociated fractures. 36 Selective estrogen-receptor modulators Selective ER modulators (SERMs) have shown some promising results for BMD preservation in PCa for patients undergoing ADT. Raloxifene was first studied and was associated with an increase in BMD at the total hip and the trochanter (Po0.001) compared with placebo in a 12-month randomized trial of 48 men with non-metastatic PCa undergoing ADT. 37 Toremifene citrate is a second-generation SERM that acts as an estrogen-like agonist in bone and other specific tissues. In a double-blind, 24-month placebo-controlled phase III study, men receiving 80 mg of toremifene orally every day yielded a relative risk reduction in new vertebral fractures of 50% (95% CI À 1.5-75.0, P ¼ 0.05) and significantly increased BMD at the lumbar spine, hip and femoral neck compared with placebo (Pp0.001). However, venous thromboembolic events were more frequently observed in the 38 A post hoc analysis of the efficacy and safety of toremifene in men younger than 80 years showed 79.5% decrease in relative risk of new vertebral fractures (95% CI 29.8-94.0, P ¼ 0o0.005), a significant increase in BMD at all measured skeletal sites (Po0.001) and similar rates of venous thromboembolic event compared with placebo (2.1% vs 1.0%, P ¼ 0.26). 39 
Current recommendations
For ADT-related bone loss, the National Comprehensive Cancer Network guidelines recommend calcium and vitamin D Androgen deprivation therapy and bone loss Marc Bienz and Fred Saad supplementation with either 60 mg of denosumab subcutaneously every 6 months, 5 mg of zoledronic acid intravenously every year or 70 mg of alendronate orally every week in men for which the 10-year risk of hip fracture isX3% as calculated by the FRAX score. 3, 40 For the prevention and treatment of other secondary causes of osteoporosis such as postmenopausal, male and glucocorticoid-induced osteoporosis, other drugs have been approved such as risedronate, ibandronate, raloxifene, calcitonin and teriparatide. 9 
Conclusion
Since the pioneer discovery of hormone depletion by bilateral orchiectomy in 1941 by Huggins and Hodges, androgen-deprivation therapy has evolved to become a cornerstone in prostate cancer treatment. With more effective treatment options, the survival of prostate cancer patients has increased considerably, thus raising concern for a better management of the quality of life. Therefore, bone health management has become a key topic for physicians as prostate cancer patients have been characterized with BMD loss, especially in the context of secondary osteoporosis associated with ADT, which adds a considerable burden on healthcare resources. Current bone-targeted therapies such as zoledronic acid and denosumab have become paramount in reducing bone fractures and bone pain in patients undergoing ADT treatment.
